. The wide use of this drug and its potentially severe side effects, particularly hepatotoxicity, have driven efforts to understand its mode of action, metabolism, and pharmacodynamic properties (27, 35) . Orally administered INH is absorbed rapidly through the gastrointestinal tract and is metabolized ( Fig. 1 ) in several organs, predominantly the liver, kidney, and brain (11) . N-Acetylation of INH by a hepatic N-actyl transferase is the major route of INH metabolism, and the rate of this reaction is genetically determined (27). Some of the N-acetyl isoniazid is subsequently hydrolyzed to isonicotinic acid and acetyl hydrazine (11, 27) . Alternatively, INH can be directly hydrolyzed to isonicotinic acid. Additional metabolism results in conjugation of the isonicotinic acid with glycine, and the acetyl hydrazine is further acetylated or deacetylated (11, 27). Besides these major metabolites, various other metabolites of INH, such as oxoacid hydrozones and isonicotinyl glucoronate, are produced (27) (Fig. 1) .
I
nfection of humans with Mycobacterium tuberculosis resulted in an estimated 9.4 million new cases of tuberculosis (TB) worldwide in 2009 (37) . The treatment of TB is based on a four-drug regimen that includes isoniazid (INH) as a key component. Further, INH is administered as a prophylactic monotherapy to prevent disease in individuals with an asymptomatic or latent M. tuberculosis infection (32) . The wide use of this drug and its potentially severe side effects, particularly hepatotoxicity, have driven efforts to understand its mode of action, metabolism, and pharmacodynamic properties (27, 35) . Orally administered INH is absorbed rapidly through the gastrointestinal tract and is metabolized ( Fig. 1 ) in several organs, predominantly the liver, kidney, and brain (11) . N-Acetylation of INH by a hepatic N-actyl transferase is the major route of INH metabolism, and the rate of this reaction is genetically determined (27) . Some of the N-acetyl isoniazid is subsequently hydrolyzed to isonicotinic acid and acetyl hydrazine (11, 27) . Alternatively, INH can be directly hydrolyzed to isonicotinic acid. Additional metabolism results in conjugation of the isonicotinic acid with glycine, and the acetyl hydrazine is further acetylated or deacetylated (11, 27) . Besides these major metabolites, various other metabolites of INH, such as oxoacid hydrozones and isonicotinyl glucoronate, are produced (27) (Fig. 1) .
Although INH has been used to treat TB since 1952, its mode of action was not well understood until the 1990s (35) . INH is a prodrug that undergoes oxidative activation by the catalase peroxidase (KatG) of M. tuberculosis to form an isonicotinoyl radical that reacts nonenzymatically with pyridine nucleotide coenzymes, such as NAD, to form adducts ( Fig. 1) (17, 20) . The INH-NAD adducts bind to and inhibit enoyl-acyl carrier protein (ACP) reductase (InhA) (2) . Two other enzymes, ACP-ketoacyl synthase (KasA) and dihydrofolate reductase, are also reported as possible targets of INH (1, 23) . The formation of the INH-NAD adducts is well documented using cell-free assays, and the elucidation of the molecular interactions and kinetics of InhA adduct generation have allowed remarkable insight into the structure-activity relationship of the drug (28, 30) . More recently, Wang and colleagues directly demonstrated binding of INH-NAD to recombinant InhA isolated from an Escherichia coli strain coexpressing inhA and katG of M. tuberculosis and exposed to INH (36) . In spite of this wealth of in vitro data, no direct evidence exists for in vivo INH-NAD adduct formation in human patients with TB or animal models treated with INH. Likewise, although mammalian peroxidases have been shown to activate INH in cell-free assays (16, 31) , demonstration of in vivo INH activation via mammalian enzymes has remained elusive.
The present study was performed based on the rationale that detailed metabolomic analyses of urine, a complex biological specimen, could detect host and pathogen responses to therapeutic intervention for TB, including the formation of drug metabolites. Our analysis of small molecules in the urine of pulmonary TB patients receiving INH therapy has allowed the discovery of a new metabolite, 4-isonicotinoylnicotinamide (4-INN), that results from the formation of an INH-NAD adduct. We further demonstrate not only that this metabolite is generated by M. tuberculosis strains producing a functional KatG protein, but also that it arose in mice treated with INH regardless of whether they were infected with M. tuberculosis. This provides direct evidence that INH is activated by both the host and the pathogen.
MATERIALS AND METHODS
Clinical samples. Urine samples were obtained from the Tuberculosis Research Unit (TBRU) Specimen Repository. The urine specimens were samples collected in the context of an observational study conducted by the TBRU (18) . The TB patients in that study were HIV-infected and uninfected adult Ugandan men and women with newly diagnosed initial episodes of culture-confirmed pulmonary tuberculosis. M. tuberculosis strains isolated from all patients prior to treatment underwent susceptibility testing versus INH, rifampin (RIF), ethambutol (EMB), pyrazinamide (PZA), and streptomycin using standard methods in the Bactec 460 TB system. The critical concentration of INH used in susceptibility testing was 0.1 g/ml. Isolates from all eight patients evaluated in this study were sensitive to INH. Urine was collected at the initial time of TB diagnosis (before the start of therapy [day 0]) and at 2 weeks (week 2), 8 weeks (week 8), and 6 months (month 6) after the start of standard anti-TB therapy. The specimens were stored unprocessed at Ϫ80°C upon collection and were sterilized by gamma irradiation before analysis.
Animal experiments. Female 6-to 8-week-old specific-pathogen-free immunocompetent C57BL/6 mice (Charles River, Wilmington, MA) were infected via low-dose aerosol exposure to M. tuberculosis Erdman (21) . Three mice were euthanized 1 day after low-dose aerosol exposure to verify bacterial uptake of approximately 100 CFU per mouse. Administration of INH (Sigma-Aldrich, St. Louis, MO) and RIF (Sigma-Aldrich) at 100 mg/liter in the drinking water (an approximate dose of 25 mg/kg of body weight) was initiated at 3 weeks postinfection and continued for 12 weeks. Urine samples from all the animals were collected before and at different time points during the treatment.
In a second study, a group of five uninfected mice were treated via intraperitoneal (i.p.) injections with INH at a dose of 25 mg/kg for 5 days per week for 1 month. Another group of five uninfected mice were treated with moxifloxacin (extracted from tablets provided through Tuberculosis Antimicrobial Acquisition and Coordinating Facility NIH contract NO1 AI-95385) (100 mg/kg) for 1 week, followed by INH (25 mg/kg) by gavage for three more weeks. Urine samples from all the animals were collected before the start of drug administration (day 0) and at different time points during the treatment. The urine specimens from M. tuberculosis-infected mice were sterilized by gamma irradiation before analysis. (19) were received from the Tuberculosis Vaccine Testing and Research Materials Contract (HHSN266200400091C) at Colorado State University. M. tuberculosis strains were grown in Bacto Middlebrook-7H9 broth (Difco, Detroit, MI) containing 0.2% glycerol and 10% Bacto OADC (oleic acid-albumin-dextrose-catalase) enrichment (Difco). INH was added to exponentially growing M. tuberculosis cells at a final concentration of 0.5 g/ml. The cultures were allowed to incubate for an additional 24 or 48 h with shaking at 37°C and were harvested by centrifugation at 5,000 ϫ g for 10 min at 4°C. The resulting cell pellets were suspended in 6 ml of chloroform-methanol (2:1) and incubated at room temperature for 6 h with constant agitation, and the solvents were evaporated under a stream of N 2 . The dried cells were suspended in 100 mM ammonium bicarbonate, pH 7.0, and physically disrupted by vigorous mixing with 0.1-mm zirconium beads. The lysate was centrifuged at 18,000 ϫ g for 20 min, and the supernatant was collected. Macromolecular products were removed by passing the supernatant through a Millipore UltraFree centrifugal ultrafiltration device (Millipore, Billerica, MA) with a 5,000-Dacutoff membrane. The final filtrate was acidified with formic acid to a final concentration of 0.1% and centrifuged at 18,000 ϫ g for 20 min, and an aliquot was subjected to liquid chromatography-mass spectrometry (LC-MS) analysis.
Liquid chromatography-mass spectrometry analysis of urine samples. The creatinine concentrations of urine specimens were determined by the alkaline picrate method using a creatinine assay kit from Oxford Biomedical Research (Oxford, MI). Urine samples were clarified by centrifugation and subjected to LC-MS. An aliquot of urine containing 13 g of creatinine was applied to an X-Bridge or Atlantis T3 reversed-phase C 18 3.5-m column (2.1 by 150 mm; Waters Corp., Milford, MA) that was connected to an Agilent 1200 series high-performance liquid chromatography (HPLC) system (Agilent Technologies, Palo Alto, CA). The metabolites were eluted with a 0 to 90% nonlinear gradient of methanol in 0.1% formic acid at a flow rate of 250 l/min. The eluent was introduced directly into an Agilent 6220 Accurate-Mass TOF (time of flight) or Agilent 6250 quadrapole time of flight (Q-TOF) mass spectrometer equipped with an Agilent multimode source that was operated in simultaneous electrospray ionization and atmospheric pressure chemical ionization modes. The parameters for the mass spectrometers were as follows: gas temperature, 300°C; vaporizer temperature, 200°C; drying gas at 8 liters/ min; nebulizer at 45 lb/in 2 ; charging voltage, 2,000 V; capillary voltage, 2,000 V; corona, 2 A; fragmentation energy, 120 V; skimmer, 60 V; and octapole RF setting, 250 V (TOF) or 750 V (Q-TOF). The positive-ion MS data for the mass range of 104 to 1,500 Da were acquired at a rate of 1.02 spectra/s and 9,700 transients/spectrum. Data were collected in both centroid and profile modes in 4-GHz high-resolution mode. Positive-ion reference masses of 121.050873 m/z and 922.009798 m/z were introduced to ensure mass accuracy. The urine samples collected at day 0, week 2, and week 8 from 15 patients were analyzed. Some of the week 2 urine samples were subjected to LC-tandem MS (MS/MS) analysis to aid structural analysis of the compounds. MS data were processed with the molecular feature extractor (MFE) algorithm in Agilent MassHunter Qualitative Analysis software to identify molecular features (compounds with a defined exact mass and retention time) present in each sample, with a minimum abundance of at least 400 counts. Data from different sample groups (i.e., treatment time points) were compared using Agilent Mass Profiler Professional software. The relative abundances of the filtered molecular features were compared across different treatment time points, and features that increased significantly (at least 10-fold) in relative abundance in the week 2 and week 8 treatment groups compared to the day 0 group were further analyzed to identify the metabolite structure.
Urine specimens collected from mice were also analyzed by LC-MS as described above. The samples collected at day 0, day 2, day 5, and day 7 from infected and uninfected mice receiving INH treatment through drinking water were analyzed by LC-MS. The day 0, day 2, day 5, and day 23 samples from uninfected mice receiving INH through i.p. injection and the day 0, day 2, and day 23 samples from moxifloxacin-treated mice that received INH through gavage were analyzed by LC-MS. The resulting data were analyzed by the Agilent MassHunter Qualitative Analysis software to determine the presence and relative abundances of INH metabolites.
Synthesis of INH-NAD adducts. Manganese(III) pyrophosphate was synthesized with equal volumes of 50 mM Mn(III) acetate dihydrate (Sigma-Aldrich) and 250 mM Na-pyrophosphate at room temperature as described by Trouwborst et al. (34) . INH activation and INH-NAD ϩ adduct formation were performed in the presence of manganese(III) pyrophosphate as described by Nguyen et al. (26) . The reaction mixture was allowed to stand at room temperature for 1 h and clarified by centrifugation. The supernatant was diluted 50 times with HPLC grade water, and a 10-l aliquot was analyzed by LC-MS. Similar reactions where NAD ϩ (Sigma-Aldrich) was replaced with 2 mM nicotinamide (Nam) (SigmaAldrich) were also performed.
RESULTS
Analysis of human urine samples. LC-MS data from analysis of TB patients' urine samples prior to the initiation of a standard four-drug antituberculosis regimen (day 0) and at week 2 and week 8 after the start of treatment were analyzed using Agilent Mass Profiler Professional software. This analysis generated a list of metabolites that were unique to the samples collected after the initiation of treatment (data not shown). An accurate mass database of all known metabolites of INH, RIF, PZA, and EMB was created. The list of molecular features that increased significantly in relative abundance in the treatment group compared to the day 0 group was searched against this database. Most of the known urinary metabolites of INH, RIF, PZA, and EMB were identified and were unique to the samples in the treatment group. Additionally, a product with an [MϩH] ϩ molecular ion of 228.0768 m/z was identified by the Mass Profiler Professional software as unique to the samples obtained after the start of therapy ( Fig. 2A) . This molecular ion generally had lower relative abundance than other drug metabolites, such as N-acetyl isoniazid (180.0768 m/z) and isonicotinyl glycine (181.0608 m/z), and the abundance of the product defined by 228.0768 m/z differed between time points and patients, as was observed for the other INH metabolites. A full query of the MS data files for the 228.0768 m/z ion in all patient samples confirmed the presence of this product only after the start of antituberculosis therapy, just as was observed for the 180.0768 m/z ion of N-acetyl isoniazid (Fig. 2B) . Due to the strong correlation with the onset of drug treatment and the appearance of this molecular feature in urine, the 228.0768 m/z ion product was speculated to be an unidentified drug metabolite.
The calculated molecular formula of the 228.0768 m/z ion product was C 12 H 9 N 3 O 2 , and an interrogation of the molecular formula (Fig. 3) . Although an INH-NAD ϩ adduct was not observed in the urine of TB patients receiving INH, the 4-INN structure was proposed to result from the hydrolysis of an INH-NAD ϩ adduct (Fig. 3B) (33) . (26) in the presence of NAD or Nam to synthesize the corresponding adducts and analyzed by LC-MS. Activation of INH in the presence of NAD produced a series of INH-NAD adducts, along with other reaction by-products previously described that were detectable by LC-MS (Fig. 4) (25) . The oxidized INH-NAD adduct (INH-NAD ϩ ) with a predicted M ϩ molecular ion of 769.1379 m/z was detected in two separate LC peaks (peaks 1 and 2 in Fig. 4A ). The most likely reason for two separate INH-NAD ϩ LC peaks is the formation of cyclized diastereoisomers in solution (26) . The MS spectra of these two peaks also contained an M ϩ ion of 542.0676 m/z and an [MϩH] ϩ ion of 228.0767 m/z corresponding to the nucleotide and 4-INN fragments of the INH-NAD ϩ adduct, respectively (Fig. 4B ). Finding these two molecular ions in the same chromatographic peak as the 769.1379 m/z ion suggested fragmentation of the INH-NAD ϩ adduct during ionization. A separate extracted ion chromatogram generated to specifically search for the predicted 228.0768 m/z 4-INN ion resulting from hydrolysis revealed a single LC peak (peak 3) that resolved between the LC peaks (1 and 2) of the INH-NAD ϩ adduct (Fig. 4A) . The MS spectrum of this additional peak demonstrated 228.0767 m/z (4-INN) as the dominant product and no detectable ions corresponding to the INH-NAD ϩ adducts or the nucleotide fragment. MS/MS analysis confirmed that the 228.0767 m/z ions from the synthetic reaction and the urine samples had identical fragmentation patterns (data not shown). Thus, the presence of a single LC peak (peak 3) containing only 4-INN demonstrated that this product could be generated by nonenzymatic hydrolysis of the INH-NAD ϩ adduct. Further evidence of nonenzymatic hydrolysis was the presence of LC peak 4 possessing the [MϩH] ϩ molecular ion 560.0788 m/z that corresponded to the adenosine diphosphate ribose (ADPR) (peak 4) (Fig. 4A and B) .
Analysis of a urine sample from a TB patient at week 2 of antituberculosis therapy that was spiked with synthetic INH-NAD ϩ and compared to a nonspiked sample revealed that the molecular ion corresponding to the intact INH-NAD ϩ adduct was present only in the spiked urine sample but that the 4-INN product was present in both ( (Fig. 6) . The molecular ion for the intact INH-NAD ϩ adduct was also detectable in M. tuberculosis KatG competent strains. The relative abundance of 4-INN, however, was higher than that of the INH-NAD ϩ adduct. It should be noted that no molecular ion corresponding to the calculated accurate mass of a reduced or oxidized INH-NADP adduct was detected in M. tuberculosis. These data demonstrated that M. tuberculosis can generate the 4-INN metabolite, but only in the presence of KatG activation of INH.
In our analysis of human urine samples, the relative abundances of 4-INN in patients at week 2 and week 8 of antituberculosis therapy were comparable, even though sputum cultures of these patients after week 8 of therapy were negative. This observation, along with previous data indicating that mammalian peroxidases may also participate in the activation of INH (16, 31) , led us to hypothesize that the 4-INN metabolite, and presumably activation of INH and its conjugation to NAD ϩ , could occur in the absence of an active M. tuberculosis infection. Urine samples from five M. tuberculosis-infected and five uninfected mice receiving INH were tested for the presence of 4-INN by LC-MS. Whether M. tuberculosis infection was present or not, all mice had 4-INN in their urine following INH administration (Fig. 7) . There was also no obvious difference in the relative abundances of 4-INN in samples from M. tuberculosis-infected and uninfected mice (data not shown). The abundance of 4-INN in mouse urine varied between 5.8 ϫ 10 6 and 2.2 ϫ 10 6 (peak area). It was further noted that, as with the human samples, the INH-NAD ϩ adduct was not observed in the urine of mice. The route of INH administration (via drinking water, gavage, or i.p. injection) had no effect on the pres- 
DISCUSSION
This study demonstrates the utility of metabolomics to dissect serial changes in complex human biological samples and to gain insight into biological systems that can alter the activity of anti-TB drugs. INH is a key first-line anti-TB drug, and this study provides new knowledge and raises important questions about the host and pathogen metabolism of INH that could impact its activity and toxicity. The mechanism by which INH is activated and inhibits its primary targets has been well described, along with the formation of an INH-NAD ϩ adduct required for the inhibition of M. tuberculosis (35) . However, such a structure has not been detected in humans being treated with INH. The elimination of INH and its metabolites mainly occurs via the urine (11, 12) , and our analysis of urine from human TB patients allowed the identification of a novel metabolite (4-INN) that, based on in vitro experiments, presumably resulted from INH-NAD ϩ adduct formation. The data demonstrated a requirement for INH activation to allow the formation of 4-INN. However, adduct formation subsequent to INH activation could occur with NAD ϩ , NADP ϩ , or Nam. Our conclusion that 4-INN resulted from the hydrolysis of an INH-NAD ϩ adduct is based on the observation that 4-INN formation in the presence of NAD ϩ was at least 60-fold more efficient than the direct coupling of activated INH and Nam. The increased efficiency of INH-NAD ϩ adduct formation must also be considered, with the understanding that the intracellular concentration of Nam is significantly lower than that of NAD ϩ . Likewise, the relative abundance of NAD in cells is generally higher than that of NADP (22, 29) , and no evidence of in vivo INH-NADP( ϩ ) adduct formation was obtained from our experiments. This collective information supports the preferred formation of INH-NAD ϩ as a precursor of 4-INN.
The data obtained also provided direct evidence that INH-NAD ϩ adduct formation by M. tuberculosis cells was dependent on a functional KatG. However, we also observed that 4-INN was present in human urine after 2 months of anti-TB treatment when patients were culture negative for M. tuberculosis and in the urine of uninfected mice after INH administration. Mammalian peroxi- dases, such as lactoperoxidase, were previously proposed to be involved in the activation of INH in vivo (16, 31) , and this explains the formation of 4-INN in the absence of an infection. Although host peroxidases activate INH, the use of INH is poorly effective in vivo against katG mutants of M. tuberculosis. This paradox can be explained by the potential reactivity of activated INH to other host products and raises the premise that activation of INH must occur within the envelope of M. tuberculosis or in close proximity to the pathogen for bactericidal activity.
We observed that hydrolysis of the INH-NAD ϩ adduct occurred spontaneously under the in vitro INH activation conditions used. However, enzymatic hydrolysis of the INH-NAD ϩ adduct in vivo is also possible. Several NAD-degrading enzymes are present in mammals and produce Nam from NAD. The NAD glycohydrolase enzyme is abundant in lung tissue and is a potential candidate (10) . Other enzymes, such as ADP ribose trans- ferases and protein lysine deacetylases, like sirtuins (Sir2), can also generate Nam from NAD (3, 13) . Similar enzymatic activities in M. tuberculosis (14, 15) could also lead to degradation of the INH-NAD ϩ adduct.
The pharmacological and toxicological implications of the INH-NAD ϩ adduct and the pathway leading to the 4-INN structure open the path for future studies. Truncated INH-NAD ϩ adducts with some structural similarity to 4-INN reportedly have antimycobacterial activity (9) . Thus, the potential antibacterial activity of the 4-INN product should be investigated. Pellagra is an infrequent side effect of long-term INH therapy that is believed to be due to competitive inhibition of NAD and NADP by INH (6, 8, 24) . Based on the data presented, we can postulate that significant amounts of nicotinic acid can be lost through the excretion of 4-INN, resulting in nicotinic acid deficiency and the development of pellagra. Thus, 4-INN formation could be a mechanism for INH-induced pellagra. In fact, individuals who develop INHassociated pellagra despite supplementation with pyridoxine respond to Nam, suggesting niacin deficiency in these individuals (4, 5, 7, 8) . Information about INH metabolism can be useful in developing strategies to minimize and manage its toxicity.
